In the second half of the nineteenth century several observers tried to relate the time of occurrence of the heart sounds to the apical pulsation ?f the heart. A tambour was applied to the prsecordium in the region of the apex-beat and this tambour was connected by rubber tubing to a second tambour, movements of which were recorded by a lever writing ?n a rotating smoked drum. The prsecordial movements which occur during the cardiac cycle were thus recorded as an apical cardiogram. lvhe observer listened to the proecordium adjacent to the apical tambour and made a mark on the corresponding point of the cardiogram every time he heard a heart sound. Most observers indicated the first sound ?n the ascending limb of the principal wave of the cardiogram, corres-Ponding to the onset of ventricular systole, but such gross disagreement occurred regarding the time of occurrence of the second sound that the Method fell into disrepute.
The first objective recording of the time of occurrence of the heart sound in the cardiac cycle was achieved by Hiirthle (1893) . His apparatus ls shown in Fig. 1 .
The sounds were picked up from the front of the chest by a simple carbon microphone in series with a source of electric current and the Primary windings of an induction coil. The secondary windings were connected to a pair of electrodes applied to the sciatic nerve of a frog Muscle-nerve preparation. Kvery time a heart sound was produced the Muscle twitched, and the twitch was recorded on a rotating smoked drum. The apical cardiogram was recorded simultaneously as a reference ^racing and a time tracing was added. Einthoven and Geluk (1894) replaced the frog preparation of Hiirthle's ?riginal apparatus with a capillary electrometer. This apparatus was sufficiently sensitive to respond to the air vibrations from a tuning fork 1020 cycles per second but, owing to the inertia of the column of !f.!> Air, tambour for l'rog muscle twitch ; li, sourco of clcctric current; g, frog muscle-nerve preparation; li, In, induction coil; M, microphone; Si. SlI, switches ; T, telephone ear-piece ; Ti, Tn, recording tambours. (Hiirthle, (189:5) . Dtsch. vied. W'srhr. 19 : 80) Fit!. 2. Mechanical high-pass filter for phonocardiograph. a, funnel of microphone; B, metal tube; c,, c.., rubber tubing; K, tap; M, microphone; T, chest-piece; /, side-tube. (Einthoven Oeluk (1894) . l'flihj. Arch. ijck. Physiol. 57 : (>20) P HON OCA RDIOGRA PH Y?SLOA N ) G! mercury in the electrometer, a true record of the sound waves was not obtained. An essential feature of this modification was a side-tap in the tube joining chest-piece to microphone. This is illustrated in Fig. 2 .
If the tap were closed the cardiogram was recorded, whereas, if the tap were open, the low-frequency vibrations from the prsecordium were filtered off and only sound waves were recorded. A mechanical high-pass filter of this nature, in other words a filter which will eliminate the lower frequencies, has since been utilized in many different types of phonocardiograph.
Later, Hiirthle (1895) replaced his original frog preparation with an electromagnet in close relationship with a small metal disc on the membrane of a tambour. A special resonance chamber attached to the chest-piece, and an ingenious tuning-fork microphone, replaced the ?riginal crude carbon microphone. Holowinski (1896) connected a microphone on the front of the chest to a telephone receiver, carrying on its diaphragm a slightly convex Plate of glass separated from a fixed, flat plate of glass by a very narrow air-space. Spectral rings were formed, which expanded and contracted with each vibration of the diaphragm, and these rings were photographed. Marbe (1907) and Roos (1908) S?aP filni as the membrane and caused it to move a very fine glass ec?rding lever. This instrument could record the sine wave of a ^ ^rating tuning fork up to 6000 cycles per second, but it was too delicate general use and the membrane required frequent renewal. Bull (1911) used the glass lever of a Weiss phonocarcliograpli to interrupt the light beam of an Einthoven string galvanometer. The phonocardiogram (P.C.G.) and the electrocardiogram (E.C.G.) were recorded simultaneously, the former by the glass lever and the latter by the string galvanometer. Ohm (1913) employed two segment capsules recording simultaneously on the same strip of film to take simultaneous records of the P.C.G. and the venous pulse.
Wiggers and Dean (1917a) recorded the sound vibrations from the exposed heart of dogs. A light lever stitched to the surface of the heart was attached at its other end to a diaphragm, on the same principle as a mechanical gramophone pick-up, and the vibrations of this diaphragm were transmitted through a rubber tube with an open side tube to a recording segment capsule. This apparatus could only record without resonance effects frequencies up to 100 cycles per second. Simultaneous records could be taken of intracardiac pressure changes and of the E.C.G.
For human subjects (Wiggers & Dean, 1917b) the sounds were picked up from a stethoscope chest-piece applied to the prsecordium. Hess (1920) attached to the centre of a membrane a fine thread which was thrown into vibration by vibrations of the membrane. Optical means were employed to cast an enlarged image of the shadow of the thread on a moving strip of film.
String galvanometer recording. Einthoven (1907a) replaced the capillary electrometer of his original apparatus with a string galvanometer, thereby obtaining much better records. Only the P.C.G. and a time tracing were recorded, without any reference tracing such as the E.C.G. or the venous or arterial pulse waves, by which the relationship of the heart sounds to other events of the cardiac cycle could be determined. Kahn (1910 Kahn ( , 1911 ) used a string galvanometer to record P.C.G. ?r E.C.G. and a tambour to record simultaneously the carotid pulse. By recording P.C.G. and carotid pnlse, followed immediately by a recording of E.C.G. and carotid pulse, he found indirectly the time relation of the heart sounds to the waves of the E.C.G. Kahn also took composite records of P.C.G. and E.C.G. recorded simultaneously by the same string, but these were rather difficult to interpret. Eyster (1911) , with a very similar apparatus, recorded P.C.G. and venous pulse, followed by E.C.G. and venous pulse, so that again the sounds could be related to the waves of the E.C.G. Fahr (1912-13) related the heart sounds to the E.C.G., using nothing but a single-string galvanometer. He took three records on each case ? P.C.G. alone, E.C.G. alone, and P.C.G. and E.C.G. superimposed.
A great advance in the recording of heart sounds by Einthoven S method was made by Lewis (1912 Lewis ( -13, 1913 Lewis ( , 1920 and Battaerd (1915-1" )' who used two Einthoven string galvanometers, one to record the P.C.G-and the other to record simultaneously the E.C.G. The images of the two strings were projected along with an accurate time tracing 011 to the same moving photographic plate. The low-frequency precordial vibrations wTere filtered off by a side-opening in the tube connecting chest-piece to microphone. Lewis came to the conclusion that any quantitative measurement of the amplitude of the heart sounds was impracticable.
APPLICATION OF PHYSICAL PRINCIPLES TO PHONOCARDIOGRAPHY.
It was noted at an early stage in the development of the phonocardiograph (Einthoven <S: Geluk, 1894) that movements of the apical region below audio-frequency tended to mask the record of the sounds unless some sort of liigh-pass filter were introduced. These workers also noted from analysis of their records that the so-called heart sounds are really ' noises,' the vibrations being so irregular that it is difficult to assign a definite frequency to them. In their apparatus a side-tube with an open tap was introduced between chest-piece and microphone to side-track the low-frequency waves (Fig. 2) , but Weiss and Joachim (1908) pointed out that this is not sufficient to give true sound records, as vibrations below audio-frequency are still recorded. Weiss and Joachim noted that the ' rough ' murmurs of mitral or aortic stenosis cause very irregular vibrations, clearly distinguishable from the heart sounds, whereas the softer murmurs of valvular incompetence may be distinguishable from heart sounds 011 the P.C.G. only by the greater duration of the murmur.
Other sources of error early recognized were inertia of the string or membrane and a low natural frequency of the recording device, either of ^'hich tends to introduce distortion into the record of the heart sounds, diggers and Dean (1917a) showed that the natural frequency of Frank's Segment capsule recording apparatus is 150-250 cycles per second, and Lewis (1920) showed that the natural frequency of the Einthoven string galvanometer is 200-250 cycles per second. Ohm (1913) had noted that the K.C.G. is not a satisfactory reference tracing since the time relations of electrical to mechanical changes in the heart are inconstant. It was also realised that the E.C.G. is of no value f?r timing events in diastole, whereas the waves of the venous pulse clearly indicate the different stages of diastole.
The scientific investigation of heart sounds and murmurs was greatly aided by the introduction of the electrical stethoscope (Frederick & bodge, 1<)24). This instrument comprised an electromagnetic pick-up on the subject's chest leading to a 3-stage valve amplifier with suitable electrical filters and several output receivers, each output receiver consisting of a telephone ear-piece connected to a binaural stethoscope. % substituting a recording galvanometer for one of the output receivers the instrument could be used as a phonocardiography Careful analysis with this instrument (Cabot & Dodge, 1925) revealed that the heart sounds consist of vibrations at a frequency of less than 150 cycles per second, whereas murmurs have a higher frequency (120-660 cycles per second). Further analysis (Williams & Dodge, 1926) showed that the energy of low-frequency precordial vibrations (50-60 cycles per second) is from 1,000 to 10,000 times that of the vibrations of a higher frequency range (190-200 cycles per second). This explains the masking of sound waves by low-frequency pulsations which occurs unless some form of high-pass filter is introduced.
In auscultation the ear acts as its own high-pass filter, its response decreasing logarithmically as the frequency falls from the pitch of maximum sensitivity at about 2,000 cycles per second. The result is that vibrations of a frequency below about 20 cycles per second are not normally audible (Fletcher, 1929) . Williams and Dodge (1926) also noted that there is considerable variation in the intensity of the heart sounds between different individuals. In some people the sounds may be about 40 times more intense than the sounds in other people. Sacks and Marquis (1935) indicated that the piezo-electric crystal microphone is the most suitable type for phonocardiography, the condenser type of microphone being too bulky and the carbon microphone too insensitive and tending to produce background noise. Rappaport and Sprague (1941) investigated different types of chestpiece. They found that the theoretical resonance frequency of a simple open bell chest-piece is at the upper limit of heart sound frequencies. A diaphragm chest-piece attenuates low-frequency sound components and may make a faint murmur audible by reducing masking. They recommended that a phonocardiograpli should include electrical filters to produce the same modified frequency response as the human ear, a logarithmic attenuation of the lower-frequency sound components. The resulting P.C.G. is called a ' logarithmic phonocardiogram ' and the amplitude of its waves corresponds to the loudness of the sounds as they would be heard.
Essential characteristics of a phonocardiograph. The essential features of a good phonocardiograph are summed up by Orias and Braun-Menendez (1939) . It must be sensitive to the whole frequency range of heart sounds and murmurs and have a natural frequency sufficiently high not to distort the record of the vibrations : the natural frequency of a phonocardiograph should be at least 750 cycles per second. The amplitude of the deflections of the recording apparatus should be directly proportional to the energy variations which excite it, and the recording device must have minimal inertia and be fully damped. A simultaneous record should be obtained of some other manifestation of cardiac activity, preferably the venous pulse. Rappaport and Sprague (1942) recommended that three different types of P.C.G. should be recorded from each subject: linear, stethoscopic and logarithmic. The linear P.C.G. is an undistorted record of all precordial vibrations as picked up by a microphone applied to the chest : it is really an apical cardiogram. The stethoscopic record introduces the distortion normally produced by a stethoscope. The logarithmic record introduces the distortion due in auscultation to the characteristics of the stethoscope and of the human ear.
Calibration of the plionocardiograph. The greatest deficiency in the practice of phonocardiography today is the lack of adequate calibration of most of the instruments used. It is not practicable to adjust the instrument to a constant sensitivity, as in the case of the electrocardiograph, because of the wide variation in loudness of the heart sounds between different individuals.
If the instrument were adjusted to a suitable average sensitivity the fainter sounds would be poorly recorded, whereas the louder ones would cause deflections exceeding the width of the photographic material 011 which the P.C.G. is to be recorded. Mannheimer (1940) succeeded in calibrating his instrument so that the output in millivolts from the microphone could be interpreted in terms of pressure on the microphone diaphragm in dynes per square centimetre. Wells et al. (1949) standardized their P.C.G.s by recording at the end of each tracing a standard sound of 500 cycles per second at 80 decibels above the threshold of audibility, but there is still the difficulty that this standard sound will produce deflections too large or too small for convenient recording in many cases.
MODERN PHONOCARDIOGRAPHY.
Modern phonocardiography has evolved along four main lines of "technical development. Some workers have recorded the movements of a mirror attached to a thin membrane, which is set into vibration by sound waves from the chest wall. Others have used mirror galvanometers uistead of mirrors applied to membranes. A third school employs the Einthoven string galvanometer, and the most recent development is the use of a cathode-rav oscillograph as the recording device.
Membrane recording. Margolies and Wolferth (1932) and Wolferth and Margolies (1933) used an electronic device to amplify the heart sounds and applied a small membrane bearing a mirror over the outlet of the output receiver. A modification of the segment capsule recording device ?nginally introduced by Frank has been used by Braun-Menendez and Onas (1934), Battro et al. (1934) , Pereira (1935) , and Caeiro and On'as (1937) . Mirror galvanometers. Mirror galvanometers were used for recording heart sounds by Weber (1931) , Clerc et al. (1934) , Bierring et al. (1935) , Schwarzschild and Feltenstein (1935) , Mannheimer (1940 Mannheimer ( , 1941 Mannheimer ( , 1946 , Carlgren (1946) , and Frost (1949a, b) . Using electronic amplifiers and filters, Mannheimer was able to record the components of the heart sounds and murmurs in each of six different frequency bands. Four different frequency bands and the E.C.G. could be recorded simultaneously by five mirror galvanometers on the same moving film. A further refinement was the calibration of the microphone by means of a specially designed piston device so that the output in millivolts could be related to pressure on the microphone diaphragm in dynes per square centimetre. Rappaport and Sprague (1941) employed mirror galvanometers but recorded logarithmic phonocardiograms in preference to sorting out the components of sounds and murmurs into different frequency ranges. Lagerlof and Werko (1949) used a set of mirror galvanometers to obtain simultaneous records of cardiac and arterial blood pressures, respiratory movements, P.C.G., and E.C.G. Ljunggren (1949) introduced an instrument on the lines of Mannheimer's but with only four frequency ranges instead of six. String galvanometers. The double-string galvanometer of Einthoven type introduced by Lewis was employed by Evans (1943 Evans ( , 1947a Evans ( & b, 1948 and by Cowen and Parnum (1949) A combined instrument using a double-string Kinthoven galvanometer and two mirror galvanometers to obtain four simultaneous records was employed by Leatliam (1949 Leatliam ( , 1951 . Three different filter positions are available on this instrument, allowing for the recording of low-frequency, medium-frequency and high-frequency components, the last being a logarithmic P.C.G. From the four available channels any of the three Cathode-ray oscillograph. A recent development of phonocardiography, and theoretically the ideal method, is the employment of a cathode-ray oscillograph as the recording device. An undistorted record of prsecordial "vibrations (apical cardiogram) was obtained by Kountz et (1940) recorded praicordial vibrations on a cathode-ray tube, but without any reference tracing. Donovan (1943 Donovan ( , 1945 pointed out the theoretical advantages of the cathode-rav oscillograph over other recording devices for the registration ?f heart sounds. The electron beam is of high sensitivity and minimal inertia and is aperiodic. The disadvantages are the extreme sensititivy ?f the instrument to extraneous noise or electrical interference and the difficulty of obtaining photographic records as clear as those obtainable with string or mirror galvanometers. Donovan (1944 Donovan ( , 1948 designed a phonocardiograph employing a double-beam cathode-ray oscillograph as the recording device. I lie heart sounds were picked up by a crystal microphone applied to the Praecordium and the microphone was connected to an amplifier with Leatham.) selected frequency filters. The amplifier in turn was connected to one beam of a double-beam cathode-ray oscillograph, and to a set of electrical stethoscopes. The other beam of the cathode-ray tube was used to record either the E.C.G. or the jugular venous pulse as a reference tracing, or could be used to record sound phenomena from another part of the chest. Campbell et al. (1951) used a similar instrument, the essential features of which are illustrated in Fig. 5 .
In this case an open bell stethoscope chest-piece is applied to the chest and connected by a length of stethoscope tubing to a crystal microphone suspended by thin rubber tubing from a bracket. The microphone is connected to a preamplifier, with selected frequency filters, and the preamplifier to a linear amplifier activating one beam of a double-beam cathode-ray oscillograph. A loud-speaker, led from the amplifier, acts as a sound monitor. The jugular venous pulse or the E.C.G. (Lead II) lS recorded with the other beam as a reference tracing. Logarithmic or stethoscopic records of the heart sounds can be obtained, or linear records if the microphone be applied directly to the prsecordium. Figs. 0, 7 and 10 were recorded with this instrument. The interpretation of phonocardiograms is still somewhat of a speciality. When auscultation of the heart is performed by an experienced clinician extraneous sounds are unconsciously recognized and ignored, but they appear in graphic records, often rendering interpretation difficult.
A quiet environment is essential for the proper recording of heart sounds, and it is usual to record them during apnoea in order to avoid confusion with breath sounds. An important point to remember in interpreting the l^.C.G. is that the only graphic record comparable to the auscultatory findings is the logarithmic P.C.G. It is of interest to take stethoscopic and linear records and to separate out the sound record into different wave bands, but the clinical significance of these records is as yet unknown.
Early phonocardiographic investigations were concerned mainly with ascertaining the exact relationship of heart sounds and murmurs to other events of the cardiac cycle, the duration of the sound phenomena, and the number and form of the vibrations recorded. Our present knowledge of the physical nature of heart sounds and murmurs is largely based on this work.
The main clinical use of phonocardiography today is in the analysis ?f triple rhythm and in the identification and timing of murmurs (Arenberg, 1941 ; Luisada, 1943 ; Evans, 1948 ; Evans & L,ian, 1948) .
?1 nalysis of triple rhythm. The physiological third sound was first identified ?n phonocardiograms by Einthoven (1907b) , but its relation to the clinical condition of ' gallop rhythm ' was unknown.
Wolfertli and ^largolies (1933) took phonocardiography records of 70 patients with an extra heart sound in diastole. They found that the extra sound always occurred in either the protodiastolic or the auriculo-systolic period, but during tachycardia these periods were superimposed. They came to the conclusion that the physiological third sound can only be distinguished from pathological gallop rhythm by other evidence of cardiac function. Battro et al. (1934) found that most cases of clearly audible gallop rhythm were due to summation of the third heart sound and the auricular sound. Margolies and Wolferth (1932) and Orias and Braun-Menendez (1939) i'ig. 7. Original logarithmic phonoeardiogran) from apex of same subject as Fig. ( pointed out that the third sound can be distinguished from a split second sound and from the ' opening snap ' of the mitral valve, which is characteristic of mitral stenosis, by its time of occurrence in the cardiac cycle. Orias and Braun-Menendez took the venous pulse as a reference tracing and showed that a split second sound occurs before the summit of the wave is upset if the ventricular contractions are asynchronous, in which case the apical cardiogram is a more reliable reference tracing because both it and the third heart sound depend mainly on activity of the left side of the heart (Taquini ct al., 1940) . Mannheimer (1940) and Ivuisada (1943) confirmed that gallop rhythm is due to the addition to the normal first and second heart sounds of a rapid-filling sound or a presystolic sound, or both superimposed. From analysis of his records Mannheimer found that the gallop sounds of heart disease had a higher amplitude and frequency than the corresponding normal sounds. This was contradicted by Frost (1949a & b) , who found no difference in pitch between the physiological extra sounds and the extra sounds of gallop rhythm in heart disease. Evans (1943 Evans ( , 1948 noted that triple rhythm might be due to the addition to the normal first and second heart sounds of either the third heart sound (the rapid-filling sound), the fourth heart sound (the auricular sound), or a systolic extra sound. He indicated that the presence of a third heart sound in patients over the age of 25 years usually indicates enlargement or failure of the right ventricle, whereas the presence of a fourth heart sound at any age usually indicates delay in conduction from auricles to ventricles or left ventricular failure. The systolic extra sound appears to have no sinister significance.
Registration of murmurs. Weiss and Joachim (1908) and Battaerd (1915-17) found that the soft, blowing murmurs of valvular incompetence could be distinguished from the heart sounds only by the greater duration of their vibrations. The rough murmurs of mitral or aortic stenosis, on the other hand, caused very irregular vibrations, clearly distinguishable from heart sounds. Evans (1947a Evans ( , 1948 showed that the vibrations of murmurs as recorded with a string galvanometer are finer and of higher frequency than those of the heart sounds. Figs. 8 and 9 show this distinction.
Mitral murmurs. Using the E.C.G. as the reference tracing a line may be drawn from the ' S ' wave in the E.C.G. to the corresponding point in the simultaneously recorded P.C.G., the ' S line ' (Evans, 1947a (Evans, , 1948 .
Evans found that innocent mitral murmurs start after the S line, whereas the systolic murmur of mitral stenosis starts before or at the S line. Cowen (1949) failed to confirm this observation. The systolic murmur of mitral disease has been recorded by many investigators but its exact timing and significance are still a subject of controversy.
Mitral diastolic murmurs also have been recorded by many observers. Evans (1948) found that a murmur in mid-diastole is the most constant finding in cases of mitral stenosis. Pig. 10 shows the diastolic murmur in a case of mitral stenosis. The murmur in this case starts in mid-diastole, and shows presystolic accentuation.
Aortic murmurs. Every case of aortic stenosis or incompetence has an obvious systolic murmur at the mitral area (Evans, 1948) . This may be accompanied by an early diastolic murmur. Wells et al. (1949) note that many commercial phonocardiographs fail to register faint high-pitched murmurs which are audible, whereas they do register low-pitched sounds and murmurs which are inaudible.
In order to register faint, basal diastolic murmurs, such as those of many cases of aortic incompetence, a true logarithmic response of the instrument is required.
The early diastolic murmur of aortic incompetence follows immediately on the second heart sound.
Murmurs of congenital heart disease. Characteristic murmurs are recorded in cases of patent ductus arteriosus, pulmonary stenosis, auricular septal defect, ventricular septal defect, and coarctation of the aorta (Evans, 1947b (Evans, , 1948 . The typical murmur of patent ductus arteriosus is shown in Fig. 11 . The development of the phonocardiograph is traced from its origin. The physical principles involved in phonocardiography are discussed, together with the application of these principles to the design of the present-day instruments. Brief mention is made of the more important applications of phonocardiography.
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